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Abstract

IMPORTANCE The association between the D2 dopamine receptor gene (DRD2) TaqlA locus
(rs1800497) and alcohol use disorder (AUD) is enduring but the subject of long-standing
controversy; meta-analysis of studies across 3 decades shows an association between rs1800497
and AUD, but genome-wide analyses have detected no role for rs1800497 in any phenotype. No
evidence has emerged that rs1800497, which is located in ANKK]T, perturbs the expression or
function of DRD2.

OBJECTIVE To resolve contradictions in previous studies by identifying hidden confounders and
assaying for functional effects of rs1800497 and other loci in the DRD2 region.

DATA SOURCES PubMed (882 studies), Embase (1056 studies), and Web of Science (501 studies)
databases were searched through August 2018. Three clinical populations—Finnish, Native
American, and African American participants—were genotyped for 208 to 277 informative single-
nucleotide polymorphisms (SNPs) across the DRD2 region to test the associations of SNPs in this
region with AUD.

STUDY SELECTION Eligible studies had diagnosis of AUD made by accepted criteria, reliable
genotyping methods, sufficient genotype data to calculate odds ratios and 95% Cls, and availability
of control allele frequencies or genotype frequencies.

DATA EXTRACTION AND SYNTHESIS After meta-analysis of 62 studies, metaregression was
performed to detect between-study heterogeneity and to explore the effects of moderators,
including deviations of cases and controls from allele frequencies in large population databases
(ExAC and 1000 Genomes). Linkage to AUD and the effect on gene expression of rs1800497 were

evaluated in the context of other SNPs in the DRD2 region. Data analysis was performed from August

2018 to March 2019. This study follows the Preferred Reporting Items for Systematic Reviews and
Meta-analyses reporting guideline.

MAIN OUTCOMES AND MEASURES The effects of rs1800497 and other SNPs in the DRD2 region
on gene expression were measured in human postmortem brain samples via differential allelic
expression and evaluated in other tissues via publicly available expression quantitative locus data.

Key Points

Question Is there a biological
association between D2 dopamine
receptor gene (DRD2) and alcohol use
disorder?

Findings This meta-analysis of 62
studies including 16 294 participants
found that the association between
DRD? and alcohol and heterogeneity
between studies are associated with
spuriously low allele frequencies in
positive studies rather than with any
ability of the linked locus to drive

transcription.

Meaning These observations regarding
the factors behind the association
between alcohol use disorder and DRD2
and tactics to identify those factors may
be relevant to other findings that are
highly significant in meta-analyses but
biologically meaningless and that may
be associated with research and

clinical care.
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Author affiliations and article information are
listed at the end of this article.

RESULTS A total of 62 studies of DRD2 and AUD with 16 294 participants were meta-analyzed. The
rs1800497 SNP was associated with AUD (odds ratio, 1.23; 95% Cl, 1.14-1.31; P < .001). However, the
association was attributable to spuriously low allele frequencies in controls in positive studies, which
also accounted for some between-study heterogeneity (P = 43%; 95% Cl, 23%-58%; Qg = 107.20).
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Abstract (continued)

Differential allelic expression of human postmortem brain and analysis of expression quantitative loci
in public data revealed that a cis-acting locus or loci perturb the DRD2 transcript level; however,
rs1800497 does not and is not in strong disequilibrium with such a locus. Across the DRD2 region,
other SNPs are more strongly associated with AUD than rs1800497, although no DRD2 SNP was
significantly associated in these 3 clinical samples.

CONCLUSIONS AND RELEVANCE In this meta-analysis, the significant association of DRD2 with
AUD was reassessed. The DRD2 association was attributable to anomalously low control allele
frequencies, not function, in positive studies. For genetic studies, statistical replication is not
verification.

JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940

Introduction

Whether the dopamine D2 receptor gene (DRD2) is associated with alcohol use disorder (AUD) and
other behavioral phenotypes is a long-standing controversy. This discussion is driven by the role of 1
single-nucleotide polymorphism (SNP), rs1800497, which is located in a nearby gene, ANKK1. This
SNP, from among hundreds now known in the DRD2 region, was assayable as a restriction fragment-
length polymorphism (RFLP) in 1990, when the association of DRD2 and other genes with alcoholism
was first examined.! Newer technologies enabling large-scale genotyping of hundreds of SNPs in the
DRD?2 region, and hundreds of thousands of SNPs genome-wide, have been applied in genome-wide
association studies (GWAS) of many phenotypes, including AUD?2 and related phenotypes,* such

as brain dopamine D2 binding potential.>” The disproportionate focus on rs1800497 has been
amplified by positive meta-analyses, such that approximately 20 studies on the association between
rs1800497 and AUD have been published per decade since 1990.

The advent of genomic technologies and the discovery that other loci in the DRD2 region
generate stronger, and even genome-wide significant, linkage signals® has not diminished interest in
rs1800497, which is marketed as a direct-to-consumer genetic test.® In all GWAS in the GWAS
catalog'® and UK BioBank database," no significant (or P < 107®) (nominal) associations are reported
between rs1800497 and any phenotype. However, in addition to the positive meta-analyses for
rs1800497, other twists and turns have kept rs1800497 viable academically, as well as commercially.
The initial report by Blum et al' in 1990 was quickly followed by a negative study by Bolos et al'? in
the same journal. That study and some subsequent negative studies' were criticized on the basis of
the idea that the controls might have had other phenotypes affected by the D2 dopamine receptor,
and thereby might have been more likely to carry the rs1800497 T allele. Early on, although studies
were still sparse, the possibilities that rs1800497 T allele frequencies were spuriously low and that
the association might be attributable to population variation in allele frequencies were advanced by
Gelernter et al,* and consistent with this idea, studies conducted in well-defined populations, such
as Finnish participants'*' and Native American participants,' were negative.

The association studies"'®® that drove interest in the rs1800497 locus and thereby the DRD2
gene delivered very large effect sizes, with odds ratios (ORs) of greater than 3. This effect size is not
out of line with that of the ALDH2 Lys504'° allele and ADH gene cluster in AUD, as observed in
GWAS,2° but is disproportionately large compared with the association with any locus ever
implicated in GWAS of a psychiatric disease. Alcohol use disorder is clinically and etiologically
heterogeneous, and genetic risk is strongly modulated by environmental interaction.?' In psychiatric
disease GWAS, very large sample sizes (eg, >50 000 participants) are needed to identify genome-
wide significant loci because these loci almost uniformly have ORs less than 1.1. One would not expect
AUD to be an exception, except for gatekeeper polymorphisms, such as ALDH2 Glu504Lys, which
alters the metabolism of alcohol, and the Lys504 allele, which can lead to strong aversive effects. In
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contrast to very large psychiatric GWAS, all rs1800497 and AUD studies were conducted with fewer
than 1000 participants, and collectively there were only 16 294 participants across 62 studies.?27°

We wished to identify potential causes of the association of rs1800497 with AUD observed in
meta-analyses and to place the rs1800497 association with phenotype and gene expression in the
context of other SNPs in the DRD2 region. We meta-analyzed 62 studies but followed that analysis
with metaregression to identify hidden confounders. Identification of the role of uncharacteristic
rs1800497 allele frequencies was made possible by very large resources for population allele
frequencies. To put rs1800497 in genomic context, we evaluated the association of SNPs in this
region to AUD in 3 clinical populations, and for gene expression, we directly measured DRD2
differential allele expression (DAE) in postmortem brain tissue samples, directly relating DAE to SNPs
across the region encompassing DRD2. Furthermore, we exploited publicly available expression
quantitative trait locus (eQTL) data to examine whether SNPs in the DRD2 region estimated the
expression of DRD2 in other tissues where DRD2 transcripts are measurable.

Methods

Study Search, Evaluation, and Selection

Studies included in the meta-analysis were selected from PubMed, Embase, Web of Science, and
Cochrane Library databases. The search was conducted through August 2018 using the following
search logic: (Tag1A OR rs1800497 OR dopamine receptor D2 or DRD2 gene) AND (alcohol OR
alcoholic* OR alcohol dependen* OR alcohol use disorder OR alcoholism) AND (human OR patient OR
subject). Duplicate studies were eliminated as shown in Figure 1. Previously published meta-
analyses were examined to verify whether previously referenced studies about the association
between DRD2 and AUD had been detected.

Figure 1. Workflow for Capture of Studies of Association Between D2 Dopamine Receptor Gene (DRD2)
rs1800497 Single-Nucleotide Polymorphism and Alcohol Use Disorder

Search criteria (“taglA” or “rs1800497" or “Dopamine receptor D2” or “DRD2 gene”)
and (“alcohol” or “alcoholic™” or “alcohol dependen™” or “alcohol use disorder” or “alcoholism”)
and (“human” or “patient” or “subject”)

v v v
882 Records identified in PubMed ‘ ‘ 1056 Records identified in Embase ‘ ‘ 501 Records identified in Web of Science
\ \ |
v
‘ 1672 Records after duplicates removed ‘
v

‘ 1672 Records after screening by title ‘

810 Records do not contain “alcohol™” or
“D2 dopamine” or “DRD2*” or “associat
27 Records preceded 1990, year
of the original study

#n

835 Records after screening by abstract

743 Records are not relevant
3 Book chapters

5 Commentaries or letters
67 Review papers

In total, 882 records were identified in PubMed, 1056
records in Embase, and 501 records in Web of Science,
with 77 records qualifying for meta-analysis after
screening. Sixty-two records were used in the current
meta-analysis after 15 studies were excluded because
genotypes were incomplete or nonextractable.

‘ 77 Records after screening by full text ‘

> 15 Extractable data were incomplete

‘ 62 Records included in current meta-analysis ‘
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The eligibility criteria were as follows: the diagnosis of AUD was made by use of accepted
criteria, including Diagnostic and Statistical Manual of Mental Disorders, Third Edition Revised
(DSM-I1I-R), Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-1V), Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), International Statistical
Classification of Diseases and Related Health Problems, Tenth Revision, Diagnostic Interview for
Genetic Studies, Michigan Alcohol Screening Test, and Feighner criteria; the genotyping methods
included RFLP, 5" exonuclease assay (TagMan, Applied Biosystems), Sanger sequencing, array-based
genotyping, or direct genotyping by any other reliable method; there were sufficient genotype data
to calculate ORs and 95% Cls; and control allele frequencies or genotype frequencies were available.
This study follows the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
reporting guideline."”

Identification of Eligible Studies

We performed conventional meta-analysis in response to newer association studies published since
that of Wang et al** in 2013 and included or excluded studies on the basis of our criteria, which
included requirements for certain genetic and procedural data. Our search strategy revealed a total
of 882 publications from PubMed, 1506 from Web of Science, and 501 from Embase (Figure 1). All
studies identified by Wang et al>* were captured by our search algorithm, although not all studies
included in Wang et al met our criteria because those authors included studies for which allele
frequencies could not be computed. References were imported into EndNote version X9.1 software
(Thomson Reuters), and duplicates were removed. Additional studies were removed manually as
described in Figure 1, and 62 studies were left eligible for the present meta-analysis. In addition to the
57 studies published before 2013 known to Wang et al,?* we included 5 studies published after 2013.
Among these 62 studies, 1215182579 24 analyzed the association between the rs1800497 T allele
and AUD in Europe'29,31,33,35,36.40,42,46,47,49-52,54,56,59,65,66,68,71-74,77 17 StUdies were frOm

ASia,30'34'37'38'41'43'44'53'55'61'63'64'67'69'70'75'76 15 were from North America'1,6,12,15-18,25-28,32,39,58,62 3

were from South America, 8678 2 were from Australia,*>>’

and 1was from Central America.”®

Data Extraction and Evaluation

Data were extracted from each study by authors and publication year, location of study, diagnostic
criteria, numbers of cases and controls, genotype frequencies in cases and controls, and allele
frequencies if available. Regions were classified as North America, South America, Europe, East Asia,
South Asia, Africa, and Australia. Two researchers independently extracted data; disagreements
would have been resolved in consensus, but there were none. Expected allele frequencies were
based on population frequencies in the 1000 Genomes and EXAC databases. The 2 distribution was
used to test Hardy Weinberg equilibrium of genotypes. Data analysis was performed from August
2018 to March 2019.

Genotyping

The association of 208 to 277 SNPs in the DRD2 region with AUD was analyzed in 3 populations: 641
Finnish participants, 583 African American participants, and 501 Native American participants. All
were studied following informed consent via protocols approved by the National Institutes of Health
institutional review board, and all cases and controls were psychiatrically diagnosed using a
structured interview. Additional details, including array-based genotyping methods, are in
eAppendix 1and eReferences in the Supplement.

Differential Allelic Expression

Postmortem human cerebellum was obtained from the Miami Brain Bank (National Institute on Drug
Abuse Brain Biorepository). For DAE, 28 brain samples heterozygous for rs62755, a reporter SNP in
the DRD2 transcript, were identified from a total of 82 brain samples screened by genotyping. Details
on genotyping and DAE are in eAppendix 2 in the Supplement.
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Statistical Analysis

The association between rs1800497 and AUD was calculated from unadjusted ORs using a
combination of contingency tables abstracted from each study. Pooled ORs and 95% Cls were
calculated by a fixed-effect model (Mantel-Haenszel), random-effects model (restricted maximum
likelihood), and mixed-effects model (general linear model). The effects of individual studies on
pooled estimates were assessed by a sensitivity analysis. Subgroup analyses were performed to
measure effects of location, diagnostic methods, and reported allele frequencies among controls and
cases. Publication bias was assessed by the Begg rank correlation and Egger regression tests. All
meta-analyses were performed using the Metafor package in R statistical software version 2.1-0 (R
Project for Statistical Computing), Meta package version 4.9-6 (R Project for Statistical Computing),
and Cochrane Review Manager version 5.3 statistical software (Cochrane Community). To measure
effects of moderators, a mixed-effects model was used as described in the Metafor manual and other
publications.??3 This metaregression analysis sought to examine the contribution of moderators to
true effect size. The association of DRD2 rs1800497 with DAE of DRD2 rs62755 reporter SNP alleles
was tested using nonparametric rank-order statistics (Kruskal-Wallis, Mann-Whitney, and Levene
tests). All statistical tests were 2-sided, and statistical significance was set at P < .05. To evaluate the
association of DRD2-region SNPs with AUD, logistic regression was performed with European
ancestry scores as covariates.

Results

Main Analysis and Subgroup Analyses

The pooled OR estimates reveal that the rs1800497 T allele is associated with increased risk of
alcohol dependence (OR, 1.23; 95% Cl, 1.14-1.31; P < .001, random effects model) (Figure 2).
However, moderately large heterogeneity was found across studies (° = 43%; 95% Cl, 23%-58%;
Qg = 107.20; P < .001), indicating that as much as one-fourth of the variance in AUD assignable to
rs1800497 was attributable to heterogeneity. Subgroup analyses were performed to identify
potential contributors to this heterogeneity, stratifying by study design, geographic location, method
of diagnosis, and reported statistical significance. The rs1800497 T allele was associated with
significantly elevated risk of alcohol dependence in all regions except Australia (Europe, OR, 116
[95% Cl, 1.05-1.28]; North America, OR, 1.50 [95% Cl, 1.15-1.95]; Asia, OR, 1.22 [95% Cl, 1.12-1.33];
South America, OR, 1.40 [95% Cl, 1.12-1.771; and Central America, OR, 1.45 [95% Cl, 1.10-1.93])
(eFigure 1in the Supplement). Furthermore, the T allele was associated in studies with various
diagnosis criteria (DSM-III-R, OR, 1.34 [95% Cl, 1.16-1.55]; DSM-1V, OR, 1.21[95% Cl, 1.13-1.31]; DSM-5,
OR, 1.45[95% Cl, 1.10-1.93]) (eFigure 2 in the Supplement). Although ORs of studies using older
diagnostic criteria were higher, ORs were still significant in newer studies (eFigure 2 in the
Supplement).

Publication Bias

Association studies of DRD2 were examined for publication bias, revealing an asymmetric funnel plot
of log ORs (eFigure 3A in the Supplement). Although the Begg rank correlation test®° (t = 0.141;

P = 11) suggested less significant publication bias, the Egger regression test®' (t = 2.984; df = 60;

P = .004) indicated bias, and the trim-and-fill method estimated that there were 6 missing
publications (eFigure 3B in the Supplement). The strongest evidence of publication bias was in North
American studies (t = 3.002; df = 14; P = .009, Egger test).

Cumulative Analysis

Cumulative analysis (Figure 2) indicates a decrease in OR associated with rs1800497 over time. The
high ORs observed in early studies, such as Blum et al' (OR, 4.01; 95% Cl, 1.71-9.38), were not
observed in studies in later years, but the association with rs1800497 remained statistically
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Figure 2. Meta-analysis of 62 Studies of the Association Between D2 Dopamine Receptor Gene rs1800497 Single-Nucleotide Polymorphism and Alcohol Use Disorder

Study

OR
(95% ClI)

Blum et al,! 1990
Bolos et al,12 1990
Blum et al,6 1991
Comings et al,17 1991
Gelernter et al,25 1991
Parsian et al,26 1991
Cook et al,27 1992
Goldman et al,28 1992
Amadéo et al,29 1993
Arinami et al,30 1993
Goldman et al, 151993
Geijer et al,31 1994
Noble et al,32 1994
Neiswanger et al,18 1995
Sander et al,33 1995
Chen et al,34 21996
Finckh et al,35 1996
Heinz et al,36 1996
Luetal,37 1996
Chen et al,38 1997
Goldman et al,39 1997
Hietala et al,#0 1997
Kono et al,*1 1997
Lawford et al,#2 1997
Lee etal,*3 1997
Ishiguro et al,%4 1998
Gelernter et al,® 1999
Ovchinnikov et al,4> 1999
Sander et al, 46 1999
Amadéo et al,4” 2000
Bau et al,48 2000
Gorwood et al,49 2000
Gorwood et al,>0 2000
Samochowiec et al,> 2000
Anghelescu et al,52 2001
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Shaikh et al,>5 2001
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Foley et al,57 2004
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Freire et al,50 2006
Huang et al,61 2007
Sakai et al,62 2007
Wang et al,63 2007
Joe et al,4 2008
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Kraschewski et al,6 2009
Bhaskar et al,67 2010
Kovanen et al,58 2010
Prasad et al,”? 2010
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Landgren et al,”2 2011
Luetal,692012
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In the left panel, horizontal lines and squares represent 95% Cls and odds ratios (ORs) in
each study. The estimated pooled effect size (represented by the different sizes of the
squares) was calculated under fixed-effects and random-effects models. The cumulative

plot (right panel) is sorted by publication year with pooled ORs (squares) calculated by
adding each study sequentially. Diamonds denote total ORs, with their different sizes
denoting different effect sizes.
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significant. Furthermore, the cumulative OR of 1.23 (Cohen d = 0.68) (Figure 2) would represent a
locus of large effect.

Population Allele Frequency-Based Moderator Analyses and Metaregression
Heterogeneity across all studies (I = 43%), and even higher heterogeneity in the North American
studies (” = 71%), suggested the presence of a hidden confounding factor or factors (Figure 2;
eFigure 1in the Supplement). To identify this hidden moderator, we focused on diagnostic criteria
and allele frequencies in cases and controls compared with population frequencies. Precedence for
this latter analysis was set by Gelernter et al'* in 1993, who observed lower TaqlA (rs1800497 T)
allele frequencies in controls in the few DRD2 association studies in the literature at that time. The
rs1800497 allele frequencies were evaluated for 57 studies; comparable population data or exact
genotype numbers were unavailable in 5 studies'®4”>9¢27C for comparisons of genotypes expected
and observed in cases and controls. In a metaregression analysis, aberrantly high ORs were observed
to be associated with low T allele frequencies in controls (Z = 7.73; P < .001), and residual
heterogeneity was reduced from 43% to 0.32%, regardless of whether 1000 Genomes (Figure 3B)
or EXAC population allele frequency data (eFigure 4 in the Supplement) were used (Z = 7.76;

P < .001). This finding also suggests that control allele frequency is the hidden variable behind the
gradual decline in OR for the association with rs1800497, because several of the early studies were
marked by very low T allele frequencies in controls. Interestingly, the allele frequency ratios
comparing cases with population controls converge on 1 (Figure 3A and eFigure 4 in the
Supplement). Large and statistically significant ORs reported in early studies such as Blum et al' and
Parsian et al?® correlate with significantly low T allele frequencies of the controls in these studies
(Table and eTable in the Supplement). In studies in which rs1800497 was not associated with AUD,
and when we examined the allele frequency in cases in studies overall, rs1800497 allele frequencies
were consistent with population allele frequencies derived from the 1000 Genomes and ExAC
databases.

To better understand the association between uncharacteristically low control allele
frequencies and large ORs observed in some DRD2 association studies and to characterize an overall,
meta-analytically significant association, we grouped the studies as highly significant (OR, 1.64; 95%
Cl, 1.25-2.14), moderately significant (OR, 1.24; 95% Cl, 1.15-1.32), or nonsignificant (OR, 1.09; 95%
Cl, 0.96-1.23). Next, within each category, we ranked studies from top to bottom according to how
aberrant the control allele frequency was (eFigure 5 in the Supplement). Ten of 13 highly significant
studies showed statistically significant deviation in control allele frequency. None of the 44 other
studies did (x? = 15.14; P < .001).

Other SNPs in the DRD2 Region

With regard to genotyping arrays commonly used in genetic association analyses, such as the
Infinium array with Exome content that we used (lllumina), many SNPs in the DRD2 region and
neighboring rs1800497 have been genotyped, including 220 on the Infinium array in the 600 kb
region encompassing DRD2, ANKKT where rs1800497 is located, and other nearby genes (Figure 4A
and B). If the association between rs1800497 and AUD were biologically valid, it would reflect the
action of one of these SNPs or a nearby functional locus with which rs1800497 is in linkage
disequilibrium (LD) (heat mapped in Figure 4 and eFigure 6 and eFigure 7 in the Supplement,
showing that LD varies somewhat between populations). However, the Manhattan plots of the DRD2
region for AUD in 3 populations reveal that rs1800497 is not associated with AUD, whereas other
SNPs in the region generate stronger, albeit not genome-wide significant, signals of association
(Figure 4 and eFigure 6 and eFigure 7 in the Supplement).

DAE Analysis
We measured DRD2 DAE in human brain tissue samples to determine whether rs1800497 or any
other locus in the region drove DRD2 expression. The reporter SNP in the DRD2 transcript was
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selected as described in the Methods section, and only samples that were heterozygous for the
reporter SNP were analyzed for DAE. Notably, DAE provides strong evidence for a cis-acting locus, or
loci, driving variation in expression of the DRD2 transcript. In postmortem hippocampus, 10 of 20
samples showed evidence of at least a 2-fold difference in DRD2 transcript driven by a cis-acting
locus. However, we found no significant association of rs1800497 with DRD2 expression (Figure 4D).

Discussion

This meta-analysis of 62 studies confirms the association of rs1800497 with AUD, as has been
observed previously. The genotype-attributable OR for rs1800497 is 1.23, which would make
rs1800497 one of the loci of largest effect ever observed for a common polymorphism on a

Figure 3. Metaregression With Case and Control rs1800497 Allele Frequency Ratios in All Studies and in North American Studies Only
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to detect allele frequency deviation. For comparison to ExAC database allele frequencies,

see eFigure 4 in the Supplement. Diameters of circles are proportional to study

population size. Solid lines represent the metaregression slopes of relationships of odds
ratios to allele frequency deviation. Dashed lines denote 95% Cls. Allele frequency ratio
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Table. Deviations of Case and Control Allele Frequencies in D2 Dopamine Receptor Gene (rs1800497)/AUD Association Studies (1000 Allele Frequencies)®

AUD Control

Ethnic
Allele Allele Group
Total AUD Control Diagnostic Frequency Frequency Allele
Study Alleles, No. Alleles, No. Alleles, No. Method Ratio P Value Ratio P Value Study OR (95% Cl) Frequency
Blum et al,* 1990 140 70 70 DSM-III-R 0.89 .55 2.57 .003 4.01(1.71-9.38) 0.28
Bolos et al,*? 1990 385 80 305 DSM-III-R 0.89 .64 0.97 .80 1.34(0.73-2.48) 0.20
Blum et al,*® 1991 278 192 86 DSM-III-R 1.15 .29 3.15 <.001 3.43(1.61-7.33) 0.28
Comings et al,'” 1991 346 208 138 DSM-I11-R 0.84 .23 2.62 .002 3.74 (1.82-7.68) 0.20
Gelernter et al,%> 1991 224 88 136 DSM-I11-R 0.84 42 0.96 .82 1.19(0.62-2.28) 0.20
Parsian et al,2® 1991 114 64 50 Feighner test 0.94 .81 3.17 .04 3.99 (1.07-14.90) 0.20
Cook et al,?” 1992 80 40 40 DSM-I1I-R 1.27 .56 1.27 .56 1.00 (0.29-3.41) 0.20
Goldman et al,?® 1992 164 92 72 DSM-III-R 1.12 .68 0.82 43 0.68(0.31-1.52) 0.23
Amadéo et al,?° 1993 184 98 86 DSM-III-R 0.78 21 2.34 .02 3.66 (1.49-9.00) 0.20
Arinami et al,>° 1993 226 156 70 DSM-III-R 1.02 .90 1.25 .29 1.38(0.77-2.50) 0.43
Goldman et al,** 1993 92 44 48 Research 0.81 .23 0.81 .21 0.99 (1.15-3.44) 0.59
Diagnostic
Criteria
Geijer et al,*! 1994 310 148 162 DSM-III-R 1.08 .69 0.91 .57 0.80(0.45-1.42) 0.20
Noble et al,3? 1994 306 146 160 DSM-III-R 1.15 .37 1.96 <.001 1.99 (1.15-3.44) 0.28
Neiswanger et al,*® 1995 164 104 60 DSM-III-R NA NA NA NA 5.68 (1.89-17.04) 0.20
Sander et al,3* 1995 766 540 226 ICD-10 1.04 .72 1.00 .99 0.96 (0.64-1.42) 0.20
Chen et al,>* 1996 398 316 82 DSM-I11-R 1.00 .96 1.05 .78 1.08 (0.66-1.77) 0.43
Finckh et al,3> 1996 886 624 262 ICD-10 1.06 .55 1.19 .27 1.15(0.78-1.69) 0.20
Heinz et al,>® 1996 420 194 226 ICD-10 1.00 .98 1.00 .99 1.00 (0.62-1.63) 0.20
Luetal,3” 1996 252 122 130 DSM-III-R 0.91 .51 0.99 .92 1.05(0.63-1.72) 0.43
Chen et al,>® 1997 832 406 426 DSM-III-R 1.00 .97 1.07 .38 1.12 (0.85-1.47) 0.43
Goldman et al,*° 1997 874 552 322 DSM-III-R 1.01 .86 0.97 .65 0.90 (0.68-1.19) 0.59
Hietala et al,*° 1997 240 140 100 DSM-III-R 0.86 .39 1.73 .07 2.30(1.09-4.84) 0.23
Kono et al,** 1997 386 200 186 DSM-III-R 1.05 .66 1.11 41 1.08 (0.72-1.64) 0.43
Lawford et al,** 1997 496 402 94 DSM-III-R 0.93 .52 0.66 .03 0.64 (0.38-1.06) 0.20
Lee etal,*> 1997 426 256 170 DSM-I1I-R 0.85 .08 1.06 .66 1.46 (0.98-2.16) 0.43
Ishiguro et al,** 1998 722 418 304 DSM-I11-R 0.96 .56 1.18 .10 1.40(1.03-1.90) 0.43
Gelernter et al,® 1999 592 320 272 DSM-III-R 0.99 .94 0.96 .80 0.97 (0.63-1.48) 0.23
Ovchinnikov et al,*> 1999 236 84 152 DSM-III-R 0.48 <.001 0.93 .69 2.53(1.40-4.55) 0.20
Sander et al,*® 1999 1012 620 392 DSM-III-R 1.07 .46 1.13 .32 1.07 (0.76-1.49) 0.20
Amadéo et al,*” 2000 252 138 114 DSM-III-R 0.99 .92 0.97 .86 0.98 (0.58-1.64) 0.35
Bau et al,*® 2000 458 230 228 DSM-III-R 1.00 .99 1.28 .08 1.38(0.90-2.13) 0.27
Gorwood et al,*° 2000 364 226 138 DSM-III-R 0.91 .54 1.25 31 1.46 (0.83-2.57) 0.20
Gorwood et al,>° 2000 168 72 96 DSM-I1I-R NA NA NA NA 0.63(0.31-1.27) 0.20
Samochowiec et al,>* 2000 968 584 384 Not stated 1.07 .51 1.20 .16 1.15(0.81-1.62) 0.20
Anghelescu et al,*2 2001 682 486 196 DSM-1V 0.91 37 0.98 91 1.09(0.72-1.65) 0.20
Lu et al,>*2001 364 194 170 DSM-III-R 0.81 .04 1.06 .66 1.61 (1.06-2.44) 0.43
Pastorelli et al,>* 2001 248 120 128 DSM-III-R 1.20 .43 1.43 .14 1.23(0.61-2.49) 0.20
Shaikh et al,>> 2001 206 100 106 Not stated 0.98 .05 0.97 .82 0.98 (0.56-1.71) 0.42
Limosin et al,>® 2002 454 240 214 DIGS 0.75 .02 0.95 72 1.36 (0.87-2.11) 0.20
Foley et al,®” 2004 382 174 208 Not stated 0.62 .001 0.87 .36 1.50(0.95-2.37) 0.20
Konishi et al,>® 2004 902 400 502 DSM-1V 0.98 .76 1.01 .90 1.06 (0.81-1.38) 0.49
Berggren et al,>° 2006 2398 714 1684 DSM-1V 0.85 .05 1.08 .17 1.34(1.08-1.67) 0.20
Freire et al,®° 2006 664 200 464 DSM-I1I-R 0.98 .89 1.28 .02 1.42(0.97-2.08) 0.27
Huang et al,®* 2007 854 452 402 DSM-1V NA NA NA NA 1.35(1.03-1.79) 0.43
Sakai et al,? 2007 1252 478 199 DSM-1V 1.20 .03 1.23 .005 1.09 (0.84-1.41) 0.28
Wang et al,®3 2007 462 146 316 DSM-1V 0.88 .29 0.98 .83 1.22 (0.82-1.80) 0.43
Joe et al,®* 2008 1604 1058 546 DSM-1V NA NA NA NA 1.01 (0.82-1.25) 0.43
Samochowiec et al,®> 2008 544 244 300 DSM-1V 1.06 .62 1.06 .68 0.97 (0.63-1.52) 0.20
(continued)
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Table. Deviations of Case and Control Allele Frequencies in D2 Dopamine Receptor Gene (rs1800497)/AUD Association Studies (1000 Allele Frequencies)®
(continued)

AUD Control Ethnic
Allele Allele Group
Total AUD Control Diagnostic Frequency Frequency Allele
Study Alleles, No. Alleles, No. Alleles, No. Method Ratio P Value Ratio P Value Study OR (95% ClI) Frequency
Kraschewski et al,®® 2009 1456 720 736 ICD-10 1.02 .81 1.09 35 1.08 (0.82-1.41) 0.20
Bhaskar et al,®” 2010 392 162 230 MAST 0.89 29 0.87 13 0.96 (0.64-1.43) 0.43
Kovanen et al,®® 2010 2046 1024 1022 DSM-1V 0.75 <.001 0.89 .09 1.24 (1.00-1.54) 0.23
Prasad et al,”° 2010 300 180 240 DSM-1V 1.55 .002 1.86 .001 1.31(0.76-2.27) 0.43
g(a)sliikogia-Worlley etal,”* 3922 2012 1910 Not stated NA NA NA NA 0.96 (0.82-1.12) 0.43
Landgren et al,’2 2011 232 168 64 DSM-1V 0.97 .85 0.87 .60 0.87 (0.43-1.77) 0.43
Luetal,®®2012 1082 266 816 DSM-1V 0.95 .57 1.07 24 1.22(0.92-1.62) 0.20
Mignini et al,”> 2012 1096 550 546 DSM-1V 0.89 .19 1.17 14 1.40 (1.03-1.90) 0.20
Schellekens et al,”#2012 418 220 198 DSM-1V 1.07 .67 1.22 28 1.16 (0.69-1.95) 0.20
Huetal,”>2013 858 202 656 DSM-1V 0.97 .81 1.18 .01 1.36 (0.99-1.88) 0.43
Suraj Singh et al,” 2013 830 258 572 DSM-1V 1.06 .03 1.37 <.001 1.48 (1.09-2.02) 0.43
Jasiewicz et al,”” 2014 652 338 314 ICD-10 0.87 22 1.01 .92 1.21(0.83-1.78) 0.20
Vasconcelos et al,”® 2015 454 226 228 DSM-1V 1.12 23 1.39 .005 1.41 (0.96-2.07) 0.49
Panduro et al,”® 2017 908 624 284 DSM-V 0.89 .04 1.08 38 1.45(1.10-1.93) 0.49
2 Abbreviations: AUD, alcohol use disorder; DIGS, Diagnostic Interview for Genetic Edition); ICD-10, International Statistical Classification of Diseases and Related Health
Studies; DSM-III-R, Diagnostic and Statistical Manual of Mental Disorders (Third Edition Problems, Tenth Revision; MAST, Michigan Alcohol Screening Test; NA, not applicable;
Revised); DSM-1V, Diagnostic and Statistical Manual of Mental Disorders (Fourth OR, odds ratio.
behavioral phenotype. In large cohort addictions GWAS,'®®2 the 2 genes of largest effect are
CHRNAS5, with an OR for smoking of 1.91(95% Cl, 1.01-11.99),82 and ADHIB, with an OR of 1.06 (95%
Cl, 0.94-119) for smoking and an OR of 1.02 (95% Cl, 0.90-1.15) for alcohol.” Furthermore, in a very
large, meta-analytic nicotine GWAS,®3 DRD2 was a marginally significant gene, but rs1800497 was
not implicated.
Another indicator that the association between rs1800497 and AUD does not have a functional
origin is that haplotype-based studies>® conducted more than a decade ago implicated DRD2, but
again the rs1800497 locus was not part of the haplotypes involved. Family-based studies, including
association via the transmission disequilibrium test, which are less prone to ethnic stratification bias,
do not support an association between rs1800497 and AUD.3984#7 |n 3 genomic context,
rs1800497 is 1 of more than 20 million human SNPs, 10of more than 1000 SNPs, and 10of a much
larger number of single-nucleotide variants in DRD2 and genes as near to DRD2 as ANKK1, where
rs1800497 is located. As shown in Figure 4A and B, where multiple nearby SNPs in the DRD2 region
generate similar genetic association signals, many SNPs in the DRD2 and ANKKT region are in strong
LD. Haplotype-based analyses can reduce the problem of multiple testing of SNPs that are genetically
nonindependent and can also help focus on the functional locus, which is a virtue of allele-based
linkage performed in association studies.
Here, we performed association analysis against AUD in 3 populations using 208 to 277 array-
genotyped SNPs spanning the 600 kb region encompassing DRD2 and flanking genes. Samples of
the sizes we used (eg, 641 Finnish participants) are insufficient to detect loci with ORs much less than
1.1, as may be detectable in very large GWAS. However, analyzing only the local DRD2 gene region,
each sample could detect an OR of 1.23 (Cohen d = 0.68) and would be powered genome-wide for
ORs much greater than 2, as claimed in many of the positive reports shown in Figure 2. For example,
x? values greater than 35 would be expected for ORs greater than 2 in samples of this size. As
discussed, rs1800497 is not represented in the GWAS catalog, having never been linked to any
phenotype via GWAS. Notably, rs1800497 was not implicated in large GWAS of AUD and alcohol
drinking."®8 Other SNPs in the DRD2 region that have been linked to phenotypes such as smoking
have been identified in very large case-control data sets, and their effect sizes are small (OR, <1.1)."®
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Figure 4. Linkage and Function in the D2 Dopamine Receptor Gene (DRD2) Region
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A and B, Regional association plots of rs1800497 and
a total of 220 SNPs in the DRD2 region are shown for
alcohol dependence (A) and alcohol abuse (B) among
641 Finnish participants. Parallel local association plots
are shown for 501 Native American and 583 African
American participants in eFigures 6 and 7 in the
Supplement. Single-nucleotide polymorphisms (dots)
are color coded according to linkage disequilibrium
(LD) with rs1800497 (red dot) on ascale of ? O to 1.
Estimated recombination rates (lines) reflect local LD
structure in the 600 kb buffer around rs1800497 (red
dot) in the Finnish population. C, rs1800497 allele
frequencies did not differ between cases and controls.
Vertical lines and whiskers denote 95% Cls. D,
Differential allelic expression (DAE) of DRD2 detected
as deviation from 1:1 ratio of the alleles at a reporter
locus (rs62755), indicating a cis-acting locus
differentially driving DRD2 transcript expression in 28
human postmortem brains heterozygous for the
reporter locus, and identified from a larger number of
brains. As shown, rs1800497 genotype is not
associated with DRD2 DAE (Kruskal-Wallis test,

X3 =0.7579; P = .68; Levene test, F = 2,25; P = .38).
Top and bottom of boxes are 25th and 75th
percentiles, respectively, lines inside boxes are
medians, vertical lines are 10th and 90th percentiles,
respectively, and circles denote individual data points.
Cindicates cytosine; and T, thymine.

ﬁ] JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940

Downloaded From: https://jamanetwor k.com/ on 12/08/2019

November 8,2019  11/19


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2019.14940&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940

JAMA Network Open | Genetics and Genomics Assessment of the Association of DRD2 and Reported Allele Frequencies With Alcohol Use Disorders

Here we have observed that in the DRD2 region, no SNP is significantly linked to AUD but the
strongest signals of nominal association are to other SNPs, and these SNPs are not in LD with
rs1800497. The local association plot (Figure 4A and B and eFigure 1and eFigure 2 in the
Supplement) showing these association signals emphasizes that rs1800497 is 1 SNP of many in the
DRD2 region.

In recent years, DRD2 association studies have largely returned, or regressed, from analyses at
the multilocus and haplotype levels to analyses of the single SNP, rs1800497. Justifications include
replication of previous results and studies of rs1800497 in other contexts, or against other measures,
and without subtracting power via multiple testing. However, the continued focus on rs1800497 has
impeded understanding of the gene, much as if studies of sickle cell anemia had not advanced from
use of the Hpal RFLP, discovered by Kan et al® in 1978, to the HBB Val6 missense variant that causes
sickle cell anemia and with which the RFLP discovered by Kan et al is in LD. If rs1800497 altered
expression of DRD2 transcript or function of the receptor, it would be logical to directly genotype it
as the functional locus, rather than genotyping the proxy loci. However, rs1800497 is not a
functional SNP but a legacy genetic marker, having been analyzed in the late 1980s as a Taq1A RFLP
on Southern blots.°° The TaqlA restriction site is not located in DRD2 but resides in a nearby gene,
ANKKI. Later, and reflecting its somewhat high numerical designation, the ANKK1 TaglA
polymorphism was designated rs1800497.

In this study, we directly tested whether rs1800497 is functional via its capacity to drive DAE of
DRD2 and by searching publicly available eQTL data for association with DRD2 expression in various
tissues. Intriguingly, the DAE analysis, controlling for trans-acting factors, provides strong evidence
for the existence of a cis-acting locus or loci that alters the expression of DRD2. Differential
expression of reporter alleles in heterozygotes is not correlated with trans-acting factors but with
some genetic element acting in cis on the same chromosome.®' In postmortem hippocampus, 10 of
20 samples showed evidence of at least a 2-fold difference in DRD2 transcript driven by a cis-acting
locus. However, in the data we generated and data that are publicly available in the GTEx database,
rs1800497 is not a cis-eQTL for DRD2 or any nearby gene.

Heterogeneity analysis can indicate the presence of hidden confounders that can both drive
and obscure associations. Therefore, when heterogeneity is detected, isolation of the source may
clarify and enhance a true biological association. For the association between DRD2 and AUD,
moderately large heterogeneity was observed (° = 43%), indicating that as much as one-fourth of
the variance in AUD assignable to rs1800497 was attributable to heterogeneity. Heterogeneity was
highest in North American studies (° = 71%), indicating that it might be particularly beneficial to
search for confounders in those studies. Under some circumstances, metaregression analysis can
identify a confounder, but it is usually necessary to target variables that could alter the result. Using
allele frequency data now available in large, publicly accessible databases, we were able to show that
approximately 43% of the heterogeneity-attributable variance can be assigned to anomalously low
control allele frequencies. Low rs1800497 T allele frequencies in controls are greatly
overrepresented in positive studies, particularly in earlier studies in which the highest ORs were
observed. Other potential sources of the remaining heterogeneity, under the premise that the
rs1800497 association is biologically meaningful, include that gene and environment interactions
vary across place and time and that populations differ in LD or the frequency of whatever functional
allele to which rs1800497 might be linked.

It is interesting that the possibility that low control allele frequencies drove DRD2 associations

was noted relatively early by Gelernter et al.™*

However, at that time, few large-scale resources for
population allele frequencies were available, and the record of DRD2 association, with each study
representing a data point for meta-analysis, was sparse. After the publication by Gelernter et al,™ the
explanation that population stratification drove strong DRD2 associations was widely discounted, or
ignored, not being mentioned in positive DRD2 association papers published from 1993 to the

present, or in meta-analyses that continued to confirm the association of DRD2 with AUD.2*
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The counterpoint to the anomalously low allele frequencies in controls is allele frequency in
cases. Here, we were interested to see that the case allele frequency did not, on an overall basis, drive
the association between DRD2 and AUD one way or another. Across all studies, rs1800497 T allele
frequency in cases is similar to that in population controls, and in most individual studies, the ratio of
case to population control allele frequency is approximately 1:1. Occasionally, it has been argued that
it is essential to identify, and to remove, cases from population controls. Doing so can, of course,
accentuate a case-control OR.

Some publication bias for positive DRD2 association is observable. This bias in publication is
insufficient to drive the association to the overall meta-analytic OR of 1.23. The studies analyzed here,
which were conducted in several regions of the world (Asia, Europe, and North America), have
reported high ORs. However, on an overall basis, the strongest evidence of publication bias is in
North America studies, including early studies reporting very high OR that sparked the strongest
interest in rs1800497 and the harshest debates. Here, we have shown that North American studies
with anomalously low control allele frequencies can account for the publication bias in studies from
that region.

Limitations

Although we have now confirmed that low control allele frequencies drove the meta-analytically
significant associations between DRD2 and AUD, there is still an unresolved issue of why in the
studies with large ORs the frequencies of rs1800497 T allele are generally lower in the controls. This
is a limitation of our study. Ethnic stratification can occur whenever there is a systematic ancestral
difference in allele frequency between cases and controls. If not taken into account, population
stratification can lead to false-positive or false-negative results. By using ancestry principal
components, GWAS can detect and at least partly correct for ethnic stratification, and, as noted,
rs1800497 was not detected in GWAS of addictions. Notably, rs1800497 is an ancestry-informative
locus, with a T allele frequency as high as 0.83 in some Native American tribes.%2 The T allele
frequency is as low as 0.08 to 0.11in Ashkenazi and Yemenite Jewish populations and is also low in
several other populations for which sufficient numbers have been genotyped.®? Most populations
have higher, but still highly variable, T allele frequencies where very large numbers of population
controls have been genotyped. In the EXAC database as of August 2019, the T allele frequencies were
0.20in European, 0.30 in South Asian, 0.37 in African, and 0.49 in Latino populations. Speculatively,
because ancestry was not reported and seldom was measured in single-locus DRD2 association
studies, some of these studies may have been stratified by ancestry, and, for example, may have
included more controls of Jewish ancestry. However, in the absence of detailed information on ethnic
origins or ancestry informative markers, this remains speculative.

The evidence from DAE that a cis-acting locus or loci drives DRD2 expression can encourage and
inform studies associating DRD2 with phenotypic variation. The dopamine D2 receptor is integral to
many behaviors, including addictions. The integration of genotype and haplotype information with
functional variation, identification of functional loci using gene-specific data such as those generated
here, and the use of new tools embodied in initiatives such as Encode®* and PsychEncode®* can
inform and accelerate understanding of the association of DRD2 with behavior.

Conclusions

The DRD2 gene (specifically, the SNP rs1800497) remains meta-analytically associated with AUD,
with a high OR of 1.23, but the association is attributable to anomalously low control allele
frequencies in studies driving the association. Placing the rs1I8000497 locus in context, we evaluated
linkage to AUD using many SNPs in the DRD2 region, and in the context of published GWAS, none of
these data implicated rs1800497. Critical to future genetic studies on DRD2 is the presence of
cis-acting loci altering expression of this gene, as evidenced by both differential expression of alleles
at areporter locus in brain and publicly available cis-eQTL data. Beyond rs1800497, genomic
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analyses unbiased by the legacy of which marker happened to be genotyped first can focus on loci
associated with the function of DRD2 that modulate the numerous phenotypes that are, in turn,
modulated by the dopamine D2 receptor.

ARTICLE INFORMATION
Accepted for Publication: September 4, 2019.

Published: November 8, 2019. doi:10.1001/jamanetworkopen.2019.14940

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2019 Jung Y et al.
JAMA Network Open.

Corresponding Author: David Goldman, MD, Office of the Clinical Director, Laboratory of Neurogenetics, National
Institute on Alcohol Abuse and Alcoholism, National Institutes of Health, 5625 Fishers Lane, Room 3S-32, Rockville,
MD 20852 (david.goldman@nih.gov).

Author Affiliations: Laboratory of Neurogenetics, National Institute on Alcohol Abuse and Alcoholism, National
Institutes of Health, Rockville, Maryland (Jung, Shen, Goldman); Department of Biological Sciences, Seton Hall
University, South Orange, New Jersey (Montel); Department of Neurology and Molecular and Cellular
Pharmacology, University of Miami Miller School of Medicine, Miami, Florida (Mash); Office of the Clinical Director,
National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health, Rockville, Maryland (Goldman).

Author Contributions: Dr Goldman had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Concept and design: Jung, Goldman.

Acquisition, analysis, or interpretation of data: All authors.

Drafting of the manuscript: Jung, Montel, Goldman.

Critical revision of the manuscript for important intellectual content: All authors.

Statistical analysis: Jung, Montel, Shen, Goldman.

Obtained funding: Goldman.

Administrative, technical, or material support: Mash, Goldman.

Supervision: Jung, Goldman.

Conflict of Interest Disclosures: None reported.

Funding/Support: This study was supported by Korea National Institute of Health grants ZOIAAO00280-18 and

Z01AA000281-18. The acquisition of brain specimens was supported by US Public Health Service grant DA06227.
The RNA data provided for this work were supported by US Public Health Service grant DAO33684.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

REFERENCES
1. Blum K, Noble EP, Sheridan PJ, et al. Allelic association of human dopamine D2 receptor gene in alcoholism.
JAMA.1990;263(15):2055-2060. doi:10.1001/jama.1990.0344 0150063027

2. Clarke TK, Adams MJ, Davies G, et al. Genome-wide association study of alcohol consumption and genetic
overlap with other health-related traits in UK Biobank (N=112 117). Mol Psychiatry. 2017;22(10):1376-1384. doi:10.
1038/mp.2017153

3. Sanchez-Roige S, Palmer AA, Fontanillas P, et al; 23andMe Research Team; Substance Use Disorder Working
Group of the Psychiatric Genomics Consortium. Genome-wide association study meta-analysis of the Alcohol Use
Disorders Identification Test (AUDIT) in two population-based cohorts. Am J Psychiatry. 2019;176(2):107-118. doi:
10.1176/appi.ajp.2018.18040369

4. Arnau-Soler A, Macdonald-Dunlop E, Adams MJ, et al; Generation Scotland; Major Depressive Disorder Working
Group of the Psychiatric Genomics Consortium. Genome-wide by environment interaction studies of depressive
symptoms and psychosocial stress in UK Biobank and Generation Scotland. Transl Psychiatry. 2019;9(1):14. doi:10.
1038/s41398-018-0360-y

5. Xu K, Lichtermann D, Lipsky RH, et al. Association of specific haplotypes of D2 dopamine receptor gene with
vulnerability to heroin dependence in 2 distinct populations. Arch Gen Psychiatry. 2004;61(6):597-606. doi:10.
1001/archpsyc.61.6.597

[5 JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940 November 8,2019  14/19

Downloaded From: https://jamanetwor k.com/ on 12/08/2019


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2019.14940&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
mailto:david.goldman@nih.gov
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1990.03440150063027&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://dx.doi.org/10.1038/mp.2017.153
https://dx.doi.org/10.1038/mp.2017.153
https://dx.doi.org/10.1176/appi.ajp.2018.18040369
https://dx.doi.org/10.1038/s41398-018-0360-y
https://dx.doi.org/10.1038/s41398-018-0360-y
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.61.6.597&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.61.6.597&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940

JAMA Network Open | Genetics and Genomics Assessment of the Association of DRD2 and Reported Allele Frequencies With Alcohol Use Disorders

6. Gelernter J, Kranzler H. D, dopamine receptor gene (DRD2) allele and haplotype frequencies in alcohol
dependent and control subjects: no association with phenotype or severity of phenotype.
Neuropsychopharmacology. 1999;20(6):640-649. doi:10.1016/S0893-133X(98)00110-9

7. Noble EP, Blum K, Ritchie T, Montgomery A, Sheridan PJ. Allelic association of the D2 dopamine receptor gene
with receptor-binding characteristics in alcoholism. Arch Gen Psychiatry. 1991;48(7):648-654. doi:10.1001/
archpsyc.1991.01810310066012

8. Karlsson Linnér R, Biroli P, Kong E, et al; 23and Me Research Team; eQTLgen Consortium; International
Cannabis Consortium; Social Science Genetic Association Consortium. Genome-wide association analyses of risk
tolerance and risky behaviors in over 1 million individuals identify hundreds of loci and shared genetic influences.
Nat Genet. 2019;51(2):245-257. doi:10.1038/s41588-018-0309-3

9. Nemoda Z, Horvat-Gordon M, Fortunato CK, Beltzer EK, Scholl JL, Granger DA. Assessing genetic
polymorphisms using DNA extracted from cells present in saliva samples. BMC Med Res Methodol. 2011;11:170. doi:
10.1186/1471-2288-11-170

10. Buniello A, MacArthur JAL, Cerezo M, et al. The NHGRI-EBI GWAS Catalog of published genome-wide
association studies, targeted arrays and summary statistics 2019. Nucleic Acids Res. 2019;47(D1):D1005-D1012.
doi:10.1093/nar/gky1120

11. Sudlow C, Gallacher J, Allen N, et al. UK biobank: an open access resource for identifying the causes of a wide
range of complex diseases of middle and old age. PLoS Med. 2015;12(3):e1001779. doi:10.1371/journal.pmed.
1001779

12. Bolos AM, Dean M, Lucas-Derse S, Ramsburg M, Brown GL, Goldman D. Population and pedigree studies reveal
alack of association between the dopamine D2 receptor gene and alcoholism. JAMA. 1990;264(24):3156-3160.
doi:10.1001/jama.1990.03450240058040

13. Noble EP, Blum K. The dopamine D2 receptor gene and alcoholism. JAMA. 1991;265(20):2667-2668. doi:10.
1001/jama.1991.03460200047016

14. Gelernter J, Goldman D, Risch N. The Al allele at the D2 dopamine receptor gene and alcoholism: a reappraisal.
JAMA.1993;269(13):1673-1677. doi:10.1001/jama.1993.03500130087038

15. Goldman D. The DRD2 dopamine receptor and the candidate gene approach in alcoholism. Alcohol Suppl.
1993;2:27-29.

16. Blum K, Noble EP, Sheridan PJ, et al. Association of the Al allele of the D, dopamine receptor gene with severe
alcoholism. Alcohol. 1991;8(5):409-416. doi:10.1016/0741-8329(91)90693-Q

17. Comings DE, Comings BG, Muhleman D, et al. The dopamine D2 receptor locus as a modifying gene in
neuropsychiatric disorders. JAMA. 1991;266(13):1793-1800. doi:10.1001/jama.1991.03470130073032

18. Neiswanger K, Hill SY, Kaplan BB. Association and linkage studies of the TAQI A1 allele at the dopamine D,
receptor gene in samples of female and male alcoholics. Am J Med Genet. 1995;60(4):267-271. doi:10.1002/ajmg.
1320600402

19. Masaoka H, Ito H, Gallus S, et al. Combination of ALDH2 and ADH1B polymorphisms is associated with smoking
initiation: a large-scale cross-sectional study in a Japanese population. Drug Alcohol Depend. 2017;173:85-91. doi:
10.1016/j.drugalcdep.2016.12.015

20. Walters RK, Polimanti R, Johnson EC, et al; 23andMe Research Team. Transancestral GWAS of alcohol
dependence reveals common genetic underpinnings with psychiatric disorders. Nat Neurosci. 2018;21(12):
1656-1669. doi:10.1038/s41593-018-0275-1

21. Gunzerath L, Goldman D. G x E: a NIAAA workshop on gene-environment interactions. Alcohol Clin Exp Res.
2003;27(3):540-562. doi:10.1097/01.ALC.0000057944.57330.65

22. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred reporting items for systematic reviews
and meta-analyses: the PRISMA statement. PLoS Med. 2009;6(7):e1000097. doi:10.1371/journal.pmed.1000097
23. JungY, Lee AM, McKee SA, Picciotto MR. Maternal smoking and autism spectrum disorder: meta-analysis with
population smoking metrics as moderators. Sci Rep. 2017;7(1):4315. doi:10.1038/s41598-017-04413-1

24. WangF, Simen A, Arias A, Lu Q-W, Zhang H. A large-scale meta-analysis of the association between the ANKK1/
DRD2 Taq1A polymorphism and alcohol dependence. Hum Genet. 2013;132(3):347-358. doi:10.1007/s00439-012-
1251-6

25. Gelernter J, O'Malley S, Risch N, et al. No association between an allele at the D2 dopamine receptor gene
(DRD2) and alcoholism. JAMA. 1991;266(13):1801-1807. doi:10.1001/jama.1991.03470130081033

26. Parsian A, Todd RD, Devor EJ, et al. Alcoholism and alleles of the human D2 dopamine receptor locus: studies
of association and linkage. Arch Gen Psychiatry.1991;48(7):655-663. doi:10.1001/archpsyc.1991.01810310073013

[5 JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940 November 8,2019  15/19

Downloaded From: https://jamanetwor k.com/ on 12/08/2019


https://dx.doi.org/10.1016/S0893-133X(98)00110-9
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.1991.01810310066012&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.1991.01810310066012&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://dx.doi.org/10.1038/s41588-018-0309-3
https://dx.doi.org/10.1186/1471-2288-11-170
https://dx.doi.org/10.1093/nar/gky1120
https://dx.doi.org/10.1371/journal.pmed.1001779
https://dx.doi.org/10.1371/journal.pmed.1001779
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1990.03450240058040&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1991.03460200047016&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1991.03460200047016&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1993.03500130087038&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://www.ncbi.nlm.nih.gov/pubmed/7748310
https://www.ncbi.nlm.nih.gov/pubmed/7748310
https://dx.doi.org/10.1016/0741-8329(91)90693-Q
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1991.03470130073032&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://dx.doi.org/10.1002/ajmg.1320600402
https://dx.doi.org/10.1002/ajmg.1320600402
https://dx.doi.org/10.1016/j.drugalcdep.2016.12.015
https://dx.doi.org/10.1038/s41593-018-0275-1
https://dx.doi.org/10.1097/01.ALC.0000057944.57330.65
https://dx.doi.org/10.1371/journal.pmed.1000097
https://dx.doi.org/10.1038/s41598-017-04413-1
https://dx.doi.org/10.1007/s00439-012-1251-6
https://dx.doi.org/10.1007/s00439-012-1251-6
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.1991.03470130081033&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.1991.01810310073013&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940

JAMA Network Open | Genetics and Genomics Assessment of the Association of DRD2 and Reported Allele Frequencies With Alcohol Use Disorders

27. Cook BL, Wang ZW, Crowe RR, Hauser R, Freimer M. Alcoholism and the D, receptor gene. Alcohol Clin Exp
Res.1992;16(4):806-809. doi:10.1111/j.1530-0277.1992.tb00683.x

28. Goldman D, Dean M, Brown GL, et al. D, dopamine receptor genotype and cerebrospinal fluid homovanillic
acid, 5-hydroxyindoleacetic acid and 3-methoxy-4-hydroxyphenylglycol in alcoholics in Finland and the United
States. Acta Psychiatr Scand. 1992;86(5):351-357. doi:10.1111/j.1600-0447.1992.tb03279.x

29. Amadéo S, Abbar M, Fourcade ML, et al. D2 dopamine receptor gene and alcoholism. J Psychiatr Res. 1993;27
(2):173-179. d0i:10.1016/0022-3956(93)90005-M

30. Arinami T, Itokawa M, Komiyama T, et al. Association between severity of alcoholism and the A1 allele of the
dopamine D2 receptor gene Tagl A RFLP in Japanese. Biol Psychiatry.1993;33(2):108-114. doi:10.1016/0006-3223
(93)90309-2

31. Geijer T, Neiman J, Rydberg U, et al. Dopamine D,-receptor gene polymorphisms in Scandinavian chronic
alcoholics. Eur Arch Psychiatry Clin Neurosci. 1994;244(1):26-32. doi:10.1007/BF02279808

32. Noble EP, Syndulko K, Fitch RJ, et al. D2 dopamine receptor Taql A alleles in medically ill alcoholic and
nonalcoholic patients. Alcohol. 1994;29(6):729-744.

33. Sander T, Harms H, Podschus J, et al. Dopamine D1, D2 and D3 receptor genes in alcohol dependence.
Psychiatr Genet. 1995;5(4):171-176. doi:10.1097/00041444-199524000-00004

34. Chen CH, Chien SH, Hwu HG. Lack of association between Tagl Al allele of dopamine D2 receptor gene and
alcohol-use disorders in Atayal natives of Taiwan. Am J Med Genet. 1996;67(5):488-490. doi:10.1002/(SICI)1096-
8628(19960920)67:5<488::AID-AJMG10>3.0.CO;2-J

35. Finckh U, von Widdern O, Giraldo-Velasquez M, et al. No association of the structural dopamine D2 receptor
(DRD2) variant *"'Cys with alcoholism. Alcohol Clin Exp Res. 1996;20(3):528-532. doi:10.1111/j.1530-0277.1996.
tb01087.x

36. Heinz A, Sander T, Harms H, et al. Lack of allelic association of dopamine D1and D2 (TaqlA) receptor gene
polymorphisms with reduced dopaminergic sensitivity to alcoholism. Alcohol Clin Exp Res. 1996;20(6):1109-1113.
doi:10.1111/j.1530-0277.1996.tb01954.x

37. LuRB, Ko HC, Chang FM, et al. No association between alcoholism and multiple polymorphisms at the
dopamine D2 receptor gene (DRD2) in three distinct Taiwanese populations. Biol Psychiatry. 1996;39(6):419-429.
doi:10.1016/0006-3223(95)00182-4

38. ChenWJ, Lu ML, Hsu YP, Chen CC, Yu JM, Cheng AT. Dopamine D2 receptor gene and alcoholism among four
aboriginal groups and Han in Taiwan. Am J Med Genet. 1997;74(2):129-136. doi:10.1002/(SIC1)1096-8628
(19970418)74:2<129::AID-AJMG3>3.0.CO;2-P

39. Goldman D, Urbanek M, Guenther D, Robin R, Long JC. Linkage and association of a functional DRD2 variant
[Ser311Cys] and DRD2 markers to alcoholism, substance abuse and schizophrenia in Southwestern American
Indians. Am J Med Genet. 1997;74(4):386-394. doi:10.1002/(SICI)1096-8628(19970725)74:4<386::AlD-
AJMG9>3.0.CO;2-N

40. Hietala J, Pohjalainen T, Heikkild-Kallio U, West C, Salaspuro M, Syvélahti E. Allelic association between D2 but
not D1 dopamine receptor gene and alcoholism in Finland. Psychiatr Genet. 1997;7(1):19-25. doi:10.1097/
00041444-199700710-00003

41. KonoY, Yoneda H, Sakai T, et al. Association between early-onset alcoholism and the dopamine D2 receptor
gene. Am J Med Genet.1997;74(2):179-182. doi:10.1002/(SIC1)1096-8628(19970418) 74:2<179::AID-AJMG13>3.0.
CO;2-F

42. Lawford BR, Young RM, Rowell JA, et al. Association of the D, dopamine receptor Al allele with alcoholism:
medical severity of alcoholism and type of controls. Biol Psychiatry. 1997;41(4):386-393. doi:10.1016/S0006-3223
(96)00478-7

43. Lee MS, Lee KJ, Kwak DI. No association between the dopamine D2 receptor gene and Korean alcoholism.
Psychiatr Genet. 1997;7(2):93-95. doi:10.1097/00041444-199722000-00007

44. Ishiguro H, Arinami T, Saito T, et al. Association study between the 441C Ins/Del and Tagl A polymorphisms of
the dopamine D2 receptor gene and alcoholism. Alcohol Clin Exp Res.1998;22(4):845-848.

45. Ovchinnikov IV, Druzina E, Ovtchinnikova O, Zagorovskaya T, Nebarakova T, Anokhina IP. Polymorphism of
dopamine D2 and D4 receptor genes and Slavic-surnamed alcoholic patients. Addict Biol. 1999;4(4):399-404.
doi:10.1080/13556219971380

46. Sander T, Ladehoff M, Samochowiec J, Finckh U, Rommelspacher H, Schmidt LG. Lack of an allelic association
between polymorphisms of the dopamine D2 receptor gene and alcohol dependence in the German population.
Alcohol Clin Exp Res. 1999;23(4):578-581. doi:10.1111/j.1530-0277.1999.tb04157.x

[5 JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940 November 8,2019  16/19

Downloaded From: https://jamanetwor k.com/ on 12/08/2019


https://dx.doi.org/10.1111/j.1530-0277.1992.tb00683.x
https://dx.doi.org/10.1111/j.1600-0447.1992.tb03279.x
https://dx.doi.org/10.1016/0022-3956(93)90005-M
https://dx.doi.org/10.1016/0006-3223(93)90309-2
https://dx.doi.org/10.1016/0006-3223(93)90309-2
https://dx.doi.org/10.1007/BF02279808
https://www.ncbi.nlm.nih.gov/pubmed/7695792
https://dx.doi.org/10.1097/00041444-199524000-00004
https://dx.doi.org/10.1002/(SICI)1096-8628(19960920)67:5&lt
https://dx.doi.org/10.1002/(SICI)1096-8628(19960920)67:5&lt
https://dx.doi.org/10.1111/j.1530-0277.1996.tb01087.x
https://dx.doi.org/10.1111/j.1530-0277.1996.tb01087.x
https://dx.doi.org/10.1111/j.1530-0277.1996.tb01954.x
https://dx.doi.org/10.1016/0006-3223(95)00182-4
https://dx.doi.org/10.1002/(SICI)1096-8628(19970418)74:2&lt
https://dx.doi.org/10.1002/(SICI)1096-8628(19970418)74:2&lt
https://dx.doi.org/10.1002/(SICI)1096-8628(19970725)74:4&lt
https://dx.doi.org/10.1002/(SICI)1096-8628(19970725)74:4&lt
https://dx.doi.org/10.1097/00041444-199700710-00003
https://dx.doi.org/10.1097/00041444-199700710-00003
https://dx.doi.org/10.1002/(SICI)1096-8628(19970418)74:2&lt
https://dx.doi.org/10.1002/(SICI)1096-8628(19970418)74:2&lt
https://dx.doi.org/10.1016/S0006-3223(96)00478-7
https://dx.doi.org/10.1016/S0006-3223(96)00478-7
https://dx.doi.org/10.1097/00041444-199722000-00007
https://www.ncbi.nlm.nih.gov/pubmed/9660310
https://dx.doi.org/10.1080/13556219971380
https://dx.doi.org/10.1111/j.1530-0277.1999.tb04157.x

JAMA Network Open | Genetics and Genomics Assessment of the Association of DRD2 and Reported Allele Frequencies With Alcohol Use Disorders

47. Amadéo S, Noble EP, Fourcade-Amadéo ML, et al. Association of D2 dopamine receptor and alcohol
dehydrogenase 2 genes with Polynesian alcoholics. Eur Psychiatry. 2000;15(2):97-102. doi:10.1016/50924-9338
(00)00206-6

48. Bau CH, Almeida S, Hutz MH. The Taql Al allele of the dopamine D2 receptor gene and alcoholism in Brazil:
association and interaction with stress and harm avoidance on severity prediction. Am J Med Genet. 2000;96(3):
302-306. doi:10.1002/1096-8628(20000612)96:3<302::AID-AJMG13>3.0.CO; 2|

49. Gorwood P, Bellivier F, Ades J, Leboyer M. The DRD2 gene and the risk for alcohol dependence in bipolar
patients. Eur Psychiatry. 2000;15(2):103-108. doi:10.1016/S0924-9338(00)00205-4

50. Gorwood P, Batel P, Gouya L, Courtois F, Feingold J, Ades J. Reappraisal of the association between the DRD2
gene, alcoholism and addiction. Eur Psychiatry. 2000;15(2):90-96. doi:10.1016/5S0924-5338(00)00207-8

51. Samochowiec J, Ladehoff M, Pelz J, et al. Predominant influence of the 3"-region of dopamine D2 receptor
gene (DRD2) on the clinical phenotype in German alcoholics. Pharmacogenetics. 2000;10(5):471-475. doi:10.
1097/00008571-200007000-00010

52. Anghelescu |, Germeyer S, Miiller MJ, et al. No association between the dopamine D, receptor Taq | Al allele
and earlier age of onset of alcohol dependence according to different specified criteria. Alcohol Clin Exp Res. 2001;
25(6):805-809. doi:10.1111/j.1530-0277.2001.tb02283.x

53. LuRB, Lee JF, Ko HC, Lin WW. Dopamine D2 receptor gene (DRDZ2) is associated with alcoholism with conduct
disorder. Alcohol Clin Exp Res. 2001;25(2):177-184. doi:10.1111/j.1530-0277.2001.tb02196.x

54. Pastorelli R, Bardazzi G, Saieva C, et al. Genetic determinants of alcohol addiction and metabolism: a survey in
Italy. Alcohol Clin Exp Res. 2001;25(2):221-227. doi:10.1111/j.1530-0277.2001.tb02202.x

55. Shaikh KJ, Naveen D, Sherrin T, et al. Polymorphisms at the DRD2 locus in early-onset alcohol dependence in
the Indian population. Addict Biol. 2001;6(4):331-335. doi:10.1080/13556210020077055

56. Limosin F, Gorwood P, Loze J-Y, et al. Male limited association of the dopamine receptor D2 gene Taqgl a
polymorphism and alcohol dependence. Am J Med Genet. 2002;112(4):343-346. doi:10.1002/ajmg.10712

57. Foley PF, Loh EW, Innes DJ, et al. Association studies of neurotransmitter gene polymorphisms in alcoholic
Caucasians. Ann N 'Y Acad Sci. 2004;1025:39-46. doi:10.1196/annals.1316.005

58. Konishi T, Luo H-R, Calvillo M, Mayo MS, Lin K-M, Wan Y-JY. ADH1B*1, ADHIC*2, DRD2 (-141C Ins), and 5-HTTLPR
are associated with alcoholism in Mexican American men living in Los Angeles. Alcohol Clin Exp Res. 2004;28(8):
1145-1152. doi:10.1097/01.ALC.0000134231.48395.42

59. Berggren U, Fahlke C, Aronsson E, et al. The tagl DRD2 Al allele is associated with alcohol-dependence
although its effect size is small. Alcohol. 2006;41(5):479-485. doi:10.1093/alcalc/agl043

60. Freire MTMV, Marques FZC, Hutz MH, Bau CHD. Polymorphisms in the DBH and DRD, gene regions and
smoking behavior. Eur Arch Psychiatry Clin Neurosci. 2006;256(2):93-97. doi:10.1007/s00406-005-0610-x

61. HuangS-Y, Lin W-W, Wan F-J, et al. Monoamine oxidase-A polymorphisms might modify the association
between the dopamine D2 receptor gene and alcohol dependence. J Psychiatry Neurosci. 2007;32(3):185-192.

62. Sakai JT, Hopfer CJ, Hartman C, et al. Test of association between TaglA Al allele and alcohol use disorder
phenotypes in a sample of adolescent patients with serious substance and behavioral problems. Drug Alcohol
Depend. 2007;88(2-3):130-137. doi:10.1016/j.drugalcdep.2006.10.002

63. Wang T-J, Huang S-Y, Lin W-W, et al. Possible interaction between MAOA and DRD2 genes associated with
antisocial alcoholism among Han Chinese men in Taiwan. Prog Neuropsychopharmacol Biol Psychiatry. 2007;31(1):
108-114. doi:10.1016/j.pnpbp.2006.08.010

64. Joe K-H, Kim D-J, Park BL, et al. Genetic association of DRD2 polymorphisms with anxiety scores among
alcohol-dependent patients. Biochem Biophys Res Commun. 2008;371(4):591-595. doi:10.1016/j.bbrc.2008.
02.076

65. Samochowiec J, Kucharska-Mazur J, Grzywacz A, et al. Genetics of Lesch’s typology of alcoholism. Prog
Neuropsychopharmacol Biol Psychiatry. 2008;32(2):423-427. doi:10.1016/j.pnpbp.2007.09.013

66. Kraschewski A, Reese J, Anghelescu |, et al. Association of the dopamine D2 receptor gene with alcohol
dependence: haplotypes and subgroups of alcoholics as key factors for understanding receptor function.
Pharmacogenet Genomics. 2009;19(7):513-527. doi:10.1097/FPC.0b013e32832d7fd3

67. Bhaskar LVKS, Thangaraj K, Non AL, Singh L, Rao VR. Population-based case-control study of DRD2 gene
polymorphisms and alcoholism. J Addict Dis. 2010;29(4):475-480. doi:10.1080/10550887.2010.509274

68. Kovanen L, Saarikoski ST, Haukka J, et al. Circadian clock gene polymorphisms in alcohol use disorders and
alcohol consumption. Alcohol. 2010;45(4):303-311. doi:10.1093/alcalc/agq035

[5 JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940 November 8,2019  17/19

Downloaded From: https://jamanetwor k.com/ on 12/08/2019


https://dx.doi.org/10.1016/S0924-9338(00)00206-6
https://dx.doi.org/10.1016/S0924-9338(00)00206-6
https://dx.doi.org/10.1002/1096-8628(20000612)96:3&lt
https://dx.doi.org/10.1016/S0924-9338(00)00205-4
https://dx.doi.org/10.1016/S0924-9338(00)00207-8
https://dx.doi.org/10.1097/00008571-200007000-00010
https://dx.doi.org/10.1097/00008571-200007000-00010
https://dx.doi.org/10.1111/j.1530-0277.2001.tb02283.x
https://dx.doi.org/10.1111/j.1530-0277.2001.tb02196.x
https://dx.doi.org/10.1111/j.1530-0277.2001.tb02202.x
https://dx.doi.org/10.1080/13556210020077055
https://dx.doi.org/10.1002/ajmg.10712
https://dx.doi.org/10.1196/annals.1316.005
https://dx.doi.org/10.1097/01.ALC.0000134231.48395.42
https://dx.doi.org/10.1093/alcalc/agl043
https://dx.doi.org/10.1007/s00406-005-0610-x
https://www.ncbi.nlm.nih.gov/pubmed/17476365
https://dx.doi.org/10.1016/j.drugalcdep.2006.10.002
https://dx.doi.org/10.1016/j.pnpbp.2006.08.010
https://dx.doi.org/10.1016/j.bbrc.2008.02.076
https://dx.doi.org/10.1016/j.bbrc.2008.02.076
https://dx.doi.org/10.1016/j.pnpbp.2007.09.013
https://dx.doi.org/10.1097/FPC.0b013e32832d7fd3
https://dx.doi.org/10.1080/10550887.2010.509274
https://dx.doi.org/10.1093/alcalc/agq035

JAMA Network Open | Genetics and Genomics Assessment of the Association of DRD2 and Reported Allele Frequencies With Alcohol Use Disorders

69. LuR-B, Lee J-F, Huang S-Y, et al. Interaction between ALDH2*1*1 and DRD2/ANKKT Taql A1A1 genes may be
associated with antisocial personality disorder not co-morbid with alcoholism. Addict Biol. 2012;17(5):865-874.
doi:10.1111/j.1369-1600.2010.00268.x

70. Prasad P, Ambekar A, Vaswani M. Dopamine D2 receptor polymorphisms and susceptibility to alcohol
dependence in Indian males: a preliminary study. BMC Med Genet. 2010;11:24. doi:10.1186/1471-2350-11-24

71. Kasiakogia-Worlley K, McQuillin A, Lydall GJ, et al. Lack of allelic association between markers at the DRD2 and
ANKKT gene loci with the alcohol-dependence syndrome and criminal activity. Psychiatr Genet. 2011;21(6):
323-324. doi:10.1097/YPG.0b013e3283458a68

72. Landgren S, Berglund K, Jerlhag E, et al. Reward-related genes and personality traits in alcohol-dependent
individuals: a pilot case control study. Neuropsychobiology. 2011;64(1):38-46. doi:10.1159/000324992

73. Mignini F, Napolioni V, Codazzo C, et al. DRD2/ANKKT TaglA and SLC6A3 VNTR polymorphisms in alcohol
dependence: association and gene-gene interaction study in a population of Central Italy. Neurosci Lett. 2012;522
(2):103-107. doi:10.1016/j.neulet.2012.06.008

74. Schellekens AFA, Franke B, Ellenbroek B, et al. Reduced dopamine receptor sensitivity as an intermediate
phenotype in alcohol dependence and the role of the COMT Val158Met and DRD2 Taq1A genotypes. Arch Gen
Psychiatry. 2012;69(4):339-348. doi:10.1001/archgenpsychiatry.2011.1335

75. HuM-C, Lee S-Y, Wang T-Y, et al. Association study of DRD2 and MAOA genes with subtyped alcoholism
comorbid with bipolar disorder in Han Chinese. Prog Neuropsychopharmacol Biol Psychiatry. 2013;40:144-148.
doi:10.1016/j.pnpbp.2012.09.014

76. Suraj Singh H, Ghosh PK, Saraswathy KN. DRD, and ANKK; gene polymorphisms and alcohol dependence:
a case-control study among a Mendelian population of East Asian ancestry. Alcohol. 2013;48(4):409-414. doi:10.
1093/alcalc/agt014

77. Jasiewicz A, Samochowiec A, Samochowiec J, Matecka I, Suchanecka A, Grzywacz A. Suicidal behavior and
haplotypes of the dopamine receptor gene (DRD2) and ANKK1 gene polymorphisms in patients with alcohol
dependence: preliminary report. PLoS One. 2014;9(11):e111798. doi:10.1371/journal.pone.0111798

78. Vasconcelos ACCG, Neto EdeS, Pinto GR, et al. Association study of the SLC6A3 VNTR (DAT) and DRD2/ANKK1
TaqlA polymorphisms with alcohol dependence in a population from northeastern Brazil. Alcohol Clin Exp Res.
2015;39(2):205-211. doi:10.1111/acer.12625

79. Panduro A, Ramos-Lopez O, Campollo O, et al. High frequency of the DRD2/ANKK1 Al allele in Mexican Native
Amerindians and Mestizos and its association with alcohol consumption. Drug Alcohol Depend. 2017;172:66-72.
doi:10.1016/j.drugalcdep.2016.12.006

80. Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Biometrics.
1994;50(4):1088-1101. doi:10.2307/2533446

81. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test.
BMJ.1997;315(7109):629-634. doi:10.1136/bmj.315.7109.629

82. Hong LE, Yang X, Wonodi |, et al. A CHRNAS5 allele related to nicotine addiction and schizophrenia. Genes Brain
Behav. 2011;10(5):530-535. doi:10.1111/j.1601-183X.2011.00689.x

83. Brazel DM, Jiang Y, Hughey JM, et al. Exome chip meta-analysis fine maps causal variants and elucidates the
genetic architecture of rare coding variants in smoking and alcohol use. Biol Psychiatry. 2019;85(11):946-955.

84. Matecka l, Jasiewicz A, Suchanecka A, Samochowiec J, Grzywacz A. Association and family studies of DRD2
gene polymorphisms in alcohol dependence syndrome. Postepy Hig Med Dosw (Online). 2014;68:1257-1263. doi:
10.5604/17322693.1127883

85. Dick DM, Wang JC, Plunkett J, et al. Family-based association analyses of alcohol dependence phenotypes
across DRD2 and neighboring gene ANKK1. Alcohol Clin Exp Res. 2007;31(10):1645-1653. doi:10.1111/j.1530-0277.
2007.00470.x

86. Yang BZ, Kranzler HR, Zhao H, Gruen JR, Luo X, Gelernter J. Association of haplotypic variants in DRD2, ANKK],
TTC12 and NCAMT to alcohol dependence in independent case control and family samples. Hum Mol Genet. 2007;
16(23):2844-2853. doi:10.1093/hmg/ddm240

87. EdenbergHJ, Foroud T, Koller DL, et al. A family-based analysis of the association of the dopamine D2 receptor
(DRD2) with alcoholism. Alcohol Clin Exp Res. 1998;22(2):505-512. doi:10.1111/j.1530-0277.1998.tb03680.x

88. Gaziano JM, Concato J, Brophy M, et al. Million Veteran Program: a mega-biobank to study genetic influences
on health and disease. J Clin Epidemiol. 2016;70:214-223. doi:10.1016/j.jclinepi.2015.09.016

89. Kan YW, Dozy AM. Antenatal diagnosis of sickle-cell anaemia by D.N.A. analysis of amniotic-fluid cells. Lancet.
1978;2(8096):910-912. doi:10.1016/50140-6736(78)91629-X

[5 JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940 November 8,2019  18/19

Downloaded From: https://jamanetwor k.com/ on 12/08/2019


https://dx.doi.org/10.1111/j.1369-1600.2010.00268.x
https://dx.doi.org/10.1186/1471-2350-11-24
https://dx.doi.org/10.1097/YPG.0b013e3283458a68
https://dx.doi.org/10.1159/000324992
https://dx.doi.org/10.1016/j.neulet.2012.06.008
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archgenpsychiatry.2011.1335&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.14940
https://dx.doi.org/10.1016/j.pnpbp.2012.09.014
https://dx.doi.org/10.1093/alcalc/agt014
https://dx.doi.org/10.1093/alcalc/agt014
https://dx.doi.org/10.1371/journal.pone.0111798
https://dx.doi.org/10.1111/acer.12625
https://dx.doi.org/10.1016/j.drugalcdep.2016.12.006
https://dx.doi.org/10.2307/2533446
https://dx.doi.org/10.1136/bmj.315.7109.629
https://dx.doi.org/10.1111/j.1601-183X.2011.00689.x
https://www.ncbi.nlm.nih.gov/pubmed/30679032
https://dx.doi.org/10.5604/17322693.1127883
https://dx.doi.org/10.1111/j.1530-0277.2007.00470.x
https://dx.doi.org/10.1111/j.1530-0277.2007.00470.x
https://dx.doi.org/10.1093/hmg/ddm240
https://dx.doi.org/10.1111/j.1530-0277.1998.tb03680.x
https://dx.doi.org/10.1016/j.jclinepi.2015.09.016
https://dx.doi.org/10.1016/S0140-6736(78)91629-X

JAMA Network Open | Genetics and Genomics Assessment of the Association of DRD2 and Reported Allele Frequencies With Alcohol Use Disorders

90. Grandy DK, Litt M, Allen L, et al. The human dopamine D2 receptor gene is located on chromosome 11 at
q22-q23 and identifies a Taql RFLP. Am J Hum Genet. 1989;45(5):778-785.

91. ZhuG, Lipsky RH, Xu K, et al. Differential expression of human COMT alleles in brain and lymphoblasts
detected by RT-coupled 5’ nuclease assay. Psychopharmacology (Berl). 2004;177(1-2):178-184. doi:10.1007/
s00213-004-1938-z

92. Cheung KH, Osier MV, Kidd JR, Pakstis AJ, Miller PL, Kidd KK. ALFRED: an allele frequency database for diverse
populations and DNA polymorphisms. Nucleic Acids Res. 2000;28(1):361-363. doi:10.1093/nar/28.1.361

93. Consortium EP; ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human
genome. Nature. 2012;489(7414):57-74. doi:10.1038/nature11247

94. Akbarian S, Liu C, Knowles JA, et al; PsychENCODE Consortium. The PsychENCODE project. Nat Neurosci.
2015;18(12):1707-1712. doi:10.1038/nn.4156

SUPPLEMENT.

eAppendix 1. Sample, Diagnosis, and Consent Information

eReferences.

eAppendix 2. Methods

eFigure 1. Meta-analysis of DRD2 rs1800497/AUD Studies Stratified by Region

eFigure 2. Meta-analysis of DRD2 rs1800497/AUD Studies Stratified by Diagnostic Criteria
eFigure 3. Publication Bias

eFigure 4. Metaregression Plots

eFigure 5. Meta-analysis of rs1800497 Association With AUD Stratified by Deviation Significance
eFigure 6. Association of SNPs in the DRD2 Region (Native Americans)

eFigure 7. Association of SNPs in the DRD2 Region (African Americans)

eTable. Deviations of Case and Control Allele Frequencies in DRD2 (rs1800497)/AUD Association Studies (EXAC
Allele Frequencies)

[5 JAMA Network Open. 2019;2(11):e1914940. doi:10.1001/jamanetworkopen.2019.14940 November 8,2019  19/19

Downloaded From: https://jamanetwor k.com/ on 12/08/2019


https://www.ncbi.nlm.nih.gov/pubmed/2573278
https://dx.doi.org/10.1007/s00213-004-1938-z
https://dx.doi.org/10.1007/s00213-004-1938-z
https://dx.doi.org/10.1093/nar/28.1.361
https://dx.doi.org/10.1038/nature11247
https://dx.doi.org/10.1038/nn.4156

